The emergence of multidrug-resistant tuberculosis calls for new, rapid drug susceptibility tests. We have tested 150 Mycobacterium tuberculosis isolates against the second-line drugs ethionamide, kanamycin, capreomycin, ofloxacin, and para-aminosalicylic acid by the colorimetric resazurin microtiter assay and the proportion method. By visual reading, MICs were obtained after 8 days. A very good correlation between results by the colorimetric resazurin microtiter assay and the proportion method was obtained. The colorimetric resazurin microtiter assay is inexpensive, rapid, and simple to perform, and implementation of the assay is feasible for low-resource countries.
The global situation with respect to tuberculosis (TB) has worsened with the emergence of multidrug-resistant (MDR) TB worldwide (5, 36) . MDR TB, defined by resistance to at least isoniazid and rifampin, is ubiquitous (12) and is most prevalent in some countries of Eastern Europe as well as China and India (14, 47) . Immigration from areas where TB is endemic, human immunodeficiency virus infection (2, 16, 23, 28) , homelessness, poor socioeconomic situations (6, 21) , and prison populations (10, 39, 41) are among the responsible factors. Some patients with MDR TB do not respond to treatment with first-line drugs (isoniazid, rifampin, ethambutol, pyrazinamide, and streptomycin) (17) . Several studies have shown that MDR TB can be cured by a combination of second-line drugs under DOTS-Plus, the treatment strategy proposed by the World Health Organization to address the management of MDR TB in settings with good control programs (15, 18, 22, 30, 35, 48) . However, these drugs are expensive, have to be taken for long periods, and can cause adverse reactions (48) . Drug susceptibility testing (DST) with Löwenstein-Jensen (LJ) medium or Middlebrook agar requires 3 to 6 weeks to obtain results (7, 8) . Critical drug concentrations for second-line drugs have not been completely established. The development of new, rapid DST which is easy to use and inexpensive is thus an urgent priority for determining the susceptibility to secondline drugs (29, 32) . A rapid and inexpensive colorimetric method based on the oxidation-reduction indicators Alamar blue and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] have been successfully used for determining MICs of first-line drugs in DST of Mycobacterium tuberculosis (1, 9, 20, 31, 38, 49) . Since resazurin has been recently identified as the main component of Alamar blue (34, 43) , we recently developed a resazurin microtiter assay (REMA) plate (37) for detecting MDR TB and demonstrated a very good correlation between results by this method and the proportion method (PM). In this study we evaluated the second-line drugs ethionamide (ETH), kanamycin monosulfate (KAN), capreomycin sulfate (CAP), ofloxacin (OFX), and para-aminosalicylic acid (PAS) with clinical isolates of M. tuberculosis by the colorimetric method using the REMA plate, and we compared the results with those of the PM.
One hundred fifty clinical isolates from Bolivia, Peru, and countries in Eastern Europe were studied. Fifty percent of the strains were MDR TB, 14% were polyresistant to first-line drugs, and 36% were susceptible. M. tuberculosis H37Rv (ATCC 27294) was used as the susceptible control.
ETH, OFX, and CAP were obtained from Sigma-Aldrich (St. Louis, Mo.); KAN was obtained from ICN Biomedicals, Inc. (Aurora, Ohio); and PAS (4-aminosalicylic acid sodium salt hydrate, 98%) was obtained from Acros Organic NV (Geel, Belgium). Stock solutions at 1 mg/ml were filter sterilized and stored at Ϫ20°C. Working solutions were prepared at four times the final higher concentration in 7H9-S broth (Middlebrook 7H9 supplemented with 0.1% Casitone, 0.5% glycerol, and 10% OADC [oleic acid, albumin, dextrose, and catalase]; Becton-Dickinson). The final drug concentrations tested were as follows: for PAS and OFX, 8 g/ml; for ETH and KAN, 20 g/ml; and for CAP, 10 g/ml. Resazurin sodium salt powder from Acros Organic NV was prepared at 0.02% (wt/vol) in distilled water, sterilized by filtration, and stored at 4°C for up to 1 week.
Isolates were freshly subcultured on LJ medium. The inoculum was prepared in 7H9-S broth, adjusted spectrophotometrically to a no. 1 McFarland tube standard, and further diluted 1:10 in 7H9-S broth for the test.
The REMA plate assay was carried out as described by Palomino et al. (37) . Briefly, 100 l of 7H9-S broth was dispensed in each well of a sterile flat-bottom 96-well plate, and serial twofold dilutions of each drug were prepared directly in the plate. One hundred microliters of inoculum was added to each well. A growth control and a sterile control were also included for each isolate. Sterile water was added to all perim-eter wells to avoid evaporation during the incubation. The plate was covered, sealed in a plastic bag, and incubated at 37°C under a normal atmosphere. After 7 days of incubation, 30 l of resazurin solution was added to each well, and the plate was reincubated overnight. A change in color from blue to pink indicated the growth of bacteria, and the MIC was defined as the lowest concentration of drug that prevented this change in color. The drug concentration ranges used were as follows: for ETH and KAN, 0.62 to 20 g/ml; for OFX and PAS, 0.25 to 8 g/ml; and for CAP, 0.3 to 10 g/ml.
The PM was performed with 7H11 agar or LJ medium (for PAS) (7, 8) with the following recommended critical drug concentrations: for PAS, 0.5 g/ml; for ETH and CAP, 10 g/ml; for OFX, 2 g/ml; and for KAN, 6 g/ml (3, 7, 8, 33) .
To study the sensitivity of resistance detection by the REMA plate method and assuming similar growth kinetics, mixed populations of resistant and susceptible strains were prepared and tested. For each drug and in separate experiments, an increasing proportion (0 to 16%) of the resistant strain was added to the susceptible H37Rv strain, keeping the number of bacteria to a no. 1 McFarland tube standard. We determined the percentage of resistance by visual reading of the MICs.
The tentative breakpoints for each drug were based on receiver operating characteristic curve analysis (50) and calculated by using MedCalc (Mariakerke, Belgium) software, which gives the corresponding cutoff point with the best separation by the dot plot diagram. To evaluate the performance of the test, sensitivity, specificity, and accuracy values were calculated. By visual reading of the assay plates, the MICs of the second-line drugs OFX, KAN, CAP, ETH, and PAS for 150 isolates of M. tuberculosis were determined, and the results were obtained after 8 days of incubation. Results of testing by the PM were available after 3 weeks. Isolates with discordant results were reevaluated by both methods. Table 1 shows the results of DST obtained by the PM and the REMA plate method. Among the 150 isolates, 31 were resistant to ETH, 29 were resistant to KAN, 9 were resistant to PAS, 8 were resistant to OFX, and 19 were resistant to CAP by the PM.
Complete agreement in results was found for KAN, PAS, and OFX by the two methods. Tentative breakpoint concentrations were defined as follows: for PAS and OFX, 2.0 g/ml; and for KAN, 2.5 g/ml. The tentative breakpoint concentration of ETH was 2.5 g/ml. One discordant result was a finding of resistance by the PM and a finding of susceptibility by the REMA plate method at drug MICs of 1.25 g/ml. The strain with these results was MDR. For CAP we propose a tentative breakpoint concentration of 2.5 g/ml. Three isolates gave discordant results, as they were resistant by the PM and susceptible by the REMA plate method at drug MICs of 1.25 and 2.5 g/ml, respectively. These strains were also MDR. The overall performance of the REMA plate method for the five antimicrobial agents in comparison with that of the PM was very good. The specificity was 100% for the five drugs, and the sensitivity ranged from 96.8 to 100%; for CAP the sensitivity was 84.2%. The accuracy of the REMA plate method was very good.
To determine if the REMA plate method could detect small populations of drug-resistant strains in the presence of a large proportion of susceptible strains by visual reading, we mixed VOL. 47, 2003 NOTES 3617 increasing concentrations of the resistant strain (0 to 16%) with the susceptible H37Rv strain and tested it with the relevant drug. Figure 1 shows that the REMA plate method was able to detect small populations of each resistant strain. Bacterial populations containing 1% or more of drug-resistant bacilli could easily be detected by visual reading of MICs of KAN, ETH, OFX, and CAP that were higher than their cutoff values. When PAS was used, we were able to detect 4% of the resistant bacteria. In this study, for the first time, DST of 150 M. tuberculosis isolates has been performed with five second-line drugs by the REMA plate method. With the spread of MDR TB, there is an increasing demand for DST for second-line drugs. The development of better and faster diagnostic assays is an urgent priority for the management of MDR TB (32) . The turnaround time is important for the patient to receive an early start of appropriate treatment. Standard laboratory methods are slow, with results not available before 4 to 8 weeks after testing. An inexpensive and rapid method for MDR TB detection and for DST of second-line drugs is desirable for low-resource countries. One of the few studies of MDR TB detection was a multicenter study by Pfyffer et al. (40) , who examined secondline drugs and other antibiotics by using the BACTEC 460 system. This system is rapid and reliable (45, 46) , but it requires heavy equipment and the use of radioisotopes, which limits its application. Preliminary studies of DST of MDR TB isolates using MTT, Alamar blue, or resazurin showed a good correlation with the conventional PM (1, 13, 19, 20, 31, 37, 49) . The limitation of some proprietary dyes is the lack of knowledge of their compositions (27) . Recently, resazurin, a nonproprietary product, has been identified as the main component of Alamar blue (34, 43) . The REMA plate method has proven to be, in recent experience, a reliable method for the detection of MDR TB (37) . In this study, the REMA plate method has also shown a high level of agreement with the conventional PM. Results are easily determined visually by reading the change to a stable color from blue to pink. The results can be also determined by spectophotometry or fluorometry, but the cost of equipment is high and would limit its application in low-resource countries. By using populations of each resistant strain mixed with the susceptible strain H37Rv, the REMA plate method could detect the presence of the resistant population at a level as low as 1%. Our proposed breakpoint values fully agree with the drug MICs of previous studies (Table 2 ). An advantage of the microtiter format is that it allows the screening of several isolates in a short period of time. One disadvantage, however, is biosafety, since the plates require the use of liquid medium and could generate aerosols. It has recently been shown that this format can be adapted for screw-cap tubes to avoid this situation (1, 19, 31) . Cost is an important factor for low-resource countries. Resazurin greatly reduces the cost of this method, to approximately $3 for each strain; it is even cheaper than MTT. Therefore, it would be feasible to implement this method in laboratories with limited resources. Tests like the REMA plate method described here have the potential in the future to be the method of choice for DST of M. tuberculosis and other mycobacteria. Our study helps to optimize the critical concentrations of second-line drugs for establishing this type of test. 
